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Introduction
The addition of generation capacity due to the elevation of electrical demand tends to increase the destructive overcurrent when a fault occurs in the power system, taxing the capabilities of installed equipment, such as circuit breakers. Faults can be caused by equipment failures, severe weather, accidents or even acts of willful destruction [1] . Such faults can damage major, expensive components and, if not cleared quickly, can lead to lengthy and costly outages. Superconducting materials with high critical temperature (i.e. > 77K, which is the temperature of liquid nitrogen) is one of the most promising technologies for this application.
Superconducting fault current limiters use one of the fundamental properties of superconductors [2, 3] . The operation of a SFCL is based on the sudden transition from the superconducting state to the normal state by exceeding the critical current I c of the material [4] . This transition from the superconducting to the normal state take a very short time, so fast that we are abble to limit the first current peak to a threshold value which not exceed three to five times the rated current. These limiters use the variation of resistivity during the transition. Indeed, the resistivity of these materials is very high, much more than a classical conductor, both for BiSCCO and for YBaCuO at 77K. The limiter is placed in series with a circuit breaker. During the fault, the current increases up to reach the threshold of transition from superconducting wire. This transition from the superconducting element to normal state causes the development of resistance in the case of a resistive SFCL while it modifies the inductance value in the case of an inductive SFCL.
The time between threshold crossing and the limitation is small (a few milli-seconds). The circuit breaker isolates the line as soon as possible after the beginning of the limitation. The main advantages of the SFCL are:
• Very low impedance during normal operation. The current limiter is "invisible" in this mode. Some transients such as the inrush current during the energization of a transformer should not inadvertently cause a state change for the SFCL.
• High impedance system during short-circuit. The limiter must perform its function in the case of massive short circuit but also in the case of low short-circuit fault.
• Very good dynamic. The transition from superconducting to resistive or inductive state should be as fast as possible to be sure that the first peak of the fault current is properly limited (typically within millisecond)
In this way, such apparatus could reduce the prospective short-circuit current in the range of 20% to 50%. In addition to the short-circuit current limitation, several studies have shown that the use of SFCL in an Electrical Power Grid (EPG) allows to improve the transient stability of generators and consequently the global stability of the network [5] [6] . Several papers deal with the study of iSFCL [7, 8] or rSFCL [9, 10, 11, 12, 13] or the both [14, 15] either in term of current limitation, or transient stability study. Kozak and al in [16] compare the two types of SFCLs experimentally but concentrate only on the decrease of the fault current. At this day, no comparative theoretical studies in term of current limitation and power system transient stability have been done between these two types of SFCLs on the same electrical power system.
In this paper, the iSFCL and rSFCL are compared in terms of current limitation and power system stability on a single machine infinite bus (SMIB). The influence on the current limitation is studied with the analysis of the short circuit current in transmission lines and at the feeder of the generator for the three states of the power system (prefault, fault and post-fault). These values take into account the impedance introduces by the SFCL in the system when a short-circuit occurs. The transient stability study is done by the analysis of the CCA and CCT of the power system in 2 case of fault. The first one is evaluated by using the equal area criterion while the second is evaluated by the resolution of swing equations of the power system.
In addition with the comparative study, we observe the influence of the SFCL location in the power system. The use of SFCL in a power system allows to decrease the fault current and increase the power system stability [5] . Results of the both studies (comparison between iSFCL and rSFCL and between two possible locations) give us a good way to select the optimal SFCL and its optimal location in case of fault.
Integration of SFCL in a simplified power system -Theoretical study
To evaluate the effectiveness of the SFCL in a power system in terms of current limitation and power system stability, the equivalent circuit given at Fig. 1 is modeled using Matlab/Simulink software [15] . Parameters of this power system are given in Appendix A with a base power equal to 100 MVA. In this system, the generated power at the power plant is transferred by two transmission lines to an infinite bus represented by its voltage V = V∠0. To evaluate the effect of the two types of SFCL on the power system, a short-circuit is created at point A (in the middle of the transmission line L 2 ). To complete the study of the two SFCLs, two possible locations of the limiter are analyzed, at the transformer feeder (TF) (position 1 at Fig. 1 ) or at the line feeder (LF) (position 2 at Fig. 1 ). The SFCL at the TF could allows to decrease the transformer series impedance which is a good way for voltage control. Such opportunity could be interesting in the case of a new power plant or substation. In fact, if the fault current is reduced by the SFCL, the design of protection devices is positively impacted that induce a reduction of the cost of the global protection system. In the case where the power system exists, this location allows to increase the transmitted power without the need to replace the existing protection apparatus. If the SFCL is placed at the LF, in addition with the limitation of the fault current, the voltage drop is limited on the others transmission lines (L 1 in our case). This voltage quality improvement is very important specifically, for sensitive loads. 
Analysis of current limitation with SFCL
As a first step, we analyse the effect of the position of the SFCL on the current limitation if a fault occurs at point A. For each positions of the SFCL, a time domain approach is used to obtain the evolution of the three currents of the Single Machine Infinite Bus (SMIB) [17] . For simulations, a short-circuit is introduced at point A at t f = 0.2 s and cleared at t c = 0.3 s. The SFCL impedance (resistive or inductive) is introduced at position 1 or 2 at t lim = 0.201 s to take into account the time needed to change state from superconducting to resistive or inductive state. The value of short-circuit currents in the SMIB for different values of the SFCL impedance is analyzed and commented. We can give an orientation about the optimal location of the SFCL and for the most effective current limitation in an EPG.
SFCL placed at the transformer feeder (position 1)
To consider the iSFCL or rSFCL in the SMIB, the impedance Z lim is considered equal to R lim for the resistive type and X lim for the inductive type. The line and generator currents are evaluated for different values of the SFCL impedance Z lim . In our case, these impedance are taken in a range from 0 to 0.4 p.u. for the both SFCLs (see Appendix A for the base impedance) that correspond to the existing value of SFCL for the transmission lines used in simulation.
A SFCL impedance equal to 0 p.u. correspond to the study without SFCL in the SMIB. In nominal steady state, current values are equal to 0.5 p.u for I L1 and I L2 and 1 p.u. for I g .
The evolution of the first peak current (during the fault) of I L1 , I L2 and I g in accordance with the SFCL impedance is given at Figs. 2(a), 2(b) and 3 for a short-circuit at point A and the both types of SFCL placed at the transformer feeder. We can see that the first peak in the line current I L2 without SFCL (SFCL impedance at 0) is equal to 6.3 p.u. which correspond to 12 times the rated current. The analysis of Fig. 2 (b) shows that the first peak of the fault current I L2 decreases with the presence of the both SFCLs (iSFCL or rSFCL). However, for this SFCL location, the resistive type allows a greater reduction of the line current than the inductive type for all SFCL impedances studied.
For example, if we take the SFCL impedance at 0.3 p.u., the limited line current I L2 with the use of a rSFCL is more than 14 % greater than with iSFCL.
However, the current level in the fault transmission line can not be the only parameter used to select the type of SFCL that can be used in an EPG. The evolution of all currents in the power system have to be analyzed. Consequently, if we have a look at line current I L1 (Fig. 2(a) ), we can see an increase of its value according to the rSFCL and iSFCL impedance. 
SFCL placed in the line feeder (position 2)
With a SFCL placed at the line feeder, we made the same analysis than previously. For this position, differential equations of the power system have been solved and the evolution of currents I L1 , I L2 and I g in accordance to the impedance value of the limiter are given at Figs. 4(a), 4(b) and 5 respectively. If a fault occurs in the transmission line L 2 , the presence of a rSFCL at the line feeder decreases the first peak of fault current I L2 as we can see at Fig. 4(b) .
We can observe the same result with an iSFCL, but the reduction of the fault current magnitude is lower (2.96 p.u. for an iSFCL in comparison with 2.04 p.u. for a rSFCL for the same 0.4 p.u. impedance).
About I L1 , we can see at Fig. 4 (a) a significant reduction of its value for the both types of SFCL. In fact, when a fault appears at point A with a SFCL placed at the line feeder, the current peak I L1 is reduced for the two types of SFCL. However, it is with rSFCL that offers the best results (0.44 p.u. for rSFCL in comparison with 1.47 p.u. for iSFCL for an impedance equal to 0.4 p.u.). About I g (Fig. 5 ), the SFCL located at line feeder allows to decrease generator (and transformer) fault current magnitude in case of fault. The rSFCL appears to be the most suitable but the difference between them in term of current limitation is not very significant (1.89 p.u. for the rSFCL and 2.13 p.u.
for the iSFCL for Z lim = 0.4 p.u.). However, we can note a good reduction of the fault current magnitude I g with the presence of the SFCL at line feeder. In fact, for a 0.4 p.u. SFCL impedance, we obtain a reduction of 46 % for the iSFCL and 52 % for the rSFCL.
If we compare the two positions of the SFCL, the line feeder seems to be preferable for two reasons. Firstly, the line current magnitude I L1 does not increase as we can see at Figs. 2(a) and 4(a) in case of short-circuit. In fact, the line feeder position with an iSFCL allow to reduce all currents magnitudes in the electrical power system studied in the opposite to rSFCL. Secondly, we obtain a greater limitation of fault currents if the SFCL is placed at line feeder
Peak current (pu) (50 % better for a rSFCL and 40 % for an iSFCL in comparison with TF position). If we limit the study to the fault current levels for a SFCL positioned at the line feeder or transformer feeder, the resistive type is better than the inductive type. In fact, the presence of an rSFCL, when a fault appears at point A, allows to reduce the three currents if the line feeder position is selected as explained previously. We showed that the rSFCL is better to use than the iSFCL at line feeder. These As we can see, all points are under 1 that means that the rSFCL remains the most suitable to limit the fault current in the faulty line L 2 for the both positions studied (transformer feeder and line feeder). In the same way, various positions of the fault in the transmission line L 2 were studied (in the middle of the line (1/2-1/2) at the 3/10 of the line length (3/10-7/10) and at the 7/10 of the line length (7/10-3/10)). The rSFCL gives better results than iSFCL in term of current limitation as we can see at Fig. 7 . Moreover, we can note that the rSFCL allows a more significant limitation in comparison with the iSFCL if the fault appears at the beginning of the line (3/10-7/10 in our case). 
Analysis of the critical clearing angle and critical clearing time with SFCL
In this section, results presented concern the critical clearing angle (CCA) and the critical clearing time (CCT) for the two SFCLs studied at the two previous locations (with different values of the SFCL impedance). To evaluate the CCA of the SMIB in case of fault without and with SFCL, swing equation given at Eq. 1 and electrical power angle equation given at Eq. 2 are used. The power P e corresponds to the electrical power transmitted between nodes 1 and 2 of the SMIB as P m represents the mechanical power received by the generator [1] .
In these equations, δ, ω, H, D, Y, ϕ 12 are respectively the angular difference of induced voltages at nodes 1 and 2, angular speed, inertia constant, damping coefficient, admittance transfer matrix between nodes 1 and 2 and angle of the complex term Y 12 . To evaluate the value of the CCA, the equal area criterion is applied to the proposed SMIB by considering a constant mechanical power P m during the fault. For each state of the system (pre-fault, fault and post-fault), the transfer matrix Y is evaluated to find the value of the CCA. The evaluation of the CCA is made by considering the opening of the faulty line L 2 after the fault (post-fault state). The CCA is evaluated with different values of the SFCL impedance (from 0 p.u., which correspond to no SFCL included in the grid, to 0.04 p.u.) for the two positions studied in this paper.
with
SFCL placed at the transformer feeder (position 1)
For this position, the transfer matrices Y t f for the three states of the SMIB (pre-fault, fault, post-fault) are given by Eqs. 5, 6 and 7 by considering parameters given in Appendix A. In the transfer matrix Y t f pre , corresponding to the pre-fault condition, the term Y t f pre 11 presents only an imaginary part that give us a power P e exclusively dependent on the angle δ (see Eq. 2). If we plot the evolution of this electrical power according to angle δ, we obtain the curve given at Fig. 8 (for the pre-fault state).
In case of fault condition, the power system is modified and the transfer matrix Y t f f ault , given at Eq. 6, shows that if we place a rSFCL at the TF, the electrical power P e has a constant element due to the term Y t f f ault 11 . This constant element allows to absorb a part of the generated power during the fault. We propose, at Fig. 8 , the evolution of the electrical power P e = f (δ) for the three states of the power system (pre-fault, fault and post-fault) and for the two types of SFCL (we arbitrarily chose a SFCL impedance equal to 0.03 p.u for the study). Without fault, the power system operates with an initial angle δ equal to 0.456 rd. In case of fault with no SFCL, the equal area criterion gives us a CCA equal to 1.6 rd. This angle correspond to the equality between area ABCD and DEF. If an iSFCL is placed at the transformer feeder, we can see that the P e = f (δ) curve is below that the curve without SFCL. This position increases the area between ABCD and consequently decreases the value of the CCA at 1.52 rd. Concerning the rSFCL, it places P e = f (δ) above the curve with no SFCL. The consequence on the power system stability is that the area between ABCD, according to mechanical power P m , is reduced, that increase the CCA at 2.01 rd.
The evaluation of the CCA in case of SFCL placed at TF for various SFCL impedances values is given at Fig. 9(a) .
We can see that the presence of the rSFCL at the TF increases the CCA of the power system for all SFCL impedances studied. Concerning the inductive one, the CCA decreases with the increase of the SFCL impedance.
The CCT is evaluated by solving Eq. 1 with the use of the runge kutta of order 4 method [18] . The evolution of CCT in accordance with SFCL impedance for the TF position is given at Fig. 9(b) for a damping coefficient D equal to 0.005 p.u. If the rSFCL is used, we obtain an increase of the CCT equal to 0.215 s in comparison with no SFCL (for |Z lim | equal to 0.03 p.u.). Concerning the use of iSFCL placed at the transformer feeder, the same conclusion as CCA can be done. In fact, we can see that the CCT decreases with the increase of the SFCL impedance. For example, the CCT decreases to 0.085 s for a SFCL impedance Z lim equal to 0.03 p.u. (compared to result with no SFCL). If the SFCL is located at the TF, it is better to use the rSFCL if the goal is to increase the CCA (or CCT) of the power system.
SFCL placed at the line feeder (position 2)
In this case, matrix Y l f pre is identical to matrix Y t f pre given at Eq. 5 and matrix Y l f post is equal to matrix Y t f post (the SFCL is short-circuited to recover its superconducting state). Without fault, the term Y l f pre 11 presents an imaginary part as explain in section 2.2.1. Evolutions of the electrical power P e according to angle δ for the three states of the power system and for the both SFCLs studied are given at Fig. 10 . For this specific location, we can see that P e = f (δ) curves for the both SFCLs are above the curve without SFCL. The area defines by ABCD decreases, so the CCA value increases in case of fault for the both SFCLs. However, it is for the rSFCL that we obtain best results. In fact, angle δ takes a value equal to 1.67 rd for the iSFCL and 1.82 rd for the rSFCL, if we consider the same impedance Z lim . If we generalize the study for different values of Z lim , we obtain results given at Fig. 11(a) . As for the TF location, we can see that the use of a rSFCL placed at the LF position allows to increase the CCA value in comparison with the iSFCL for the same impedance Z lim . 
If we make a comparison between TF and LF position, we can see that the CCA presents its optimal value when the SFCL is considered to be resistive and placed at the TF. In fact, for the same fault position (point A) and the same value of the SFCL impedance (for example 0.035 p.u.), we obtain the best CCA (equal to 2.18 rd) for a rSFCL (in comparison with 1.508 rd for the iSFCL placed at TF, 1.876 rd for the rSFCL at LF and 1.684 rd for the iSFCL at LF).
Concerning the CCT, we give its evolution in accordance with SFCL impedance for the same damping coefficient D used previously (D = 0.005 p.u) at Fig. 11(b) . If the line feeder is selected, we can see that the rSFCL gives better results compared to iSFCL even if both increase the CCT for a specific SFCL impedance. If we take |Z lim | equal to 0.03 p.u, the rSFCL increases the CCT to 0.115 sec in comparison to 0.03 sec for the iSFCL. As the TF location, if the LF location is chosen, the rSFCL is more suitable concerning the increase of CCA and CCT.
In a same way that the current limitation study, the influence of X L /R L line ratio and of fault position in transmission line L 2 on the CCA was studied. We give at Figs. 12(a) and 12(b) the evolution of the ratio CCA(rS FCL)/CCA(iS FCL) in accordance to the SFCL impedance. Analysis shows that for all X L /R L ratios, the rSFCL remains the best SFCL for the power system transient stability. We can note that the difference induces by X L /R L on the CCAs ratio is non significant. In fact, if we take a SFCL impedance equal to 0.04 p.u., the CCA ratio is in the range [ shows that the rSFCL is the most suitable to increase the transient stability of the EPG. In fact, the evolution of the CCA ratio is above 1 for all SFCL impedances studied and for the two positions selected. Indeed, it is for the TF position that we obtain the optimal CCA ratio ( We specify that the influence of X L /R L ratio and fault position on the CCT gives the same conclusions as the analysis of CCA. The rSFCL allows to increase the transient stability of the EPG more significantly than the iSFCL for a given position and a given SFCL impedance.
Conclusion
This paper presents a qualitative analysis to compare two types of SFCL (inductive and resistive) in an electrical power grid. Results show that the two types of SFCL have a positive impact on the power system for current limitation and transient stability for a selected optimal location. In fact, an iSFCL placed at TF for example, decreases the CCT and CCA of the power system in case of fault. The proposed analysis shows the superiority of the resistive SFCL in the two domains that are fault current limitation and power system transient stability. However, to obtain the optimal behaviour of the power system in case of fault, the rSFCL has to be placed at LF to avoid the increase of the first peak current in the parallel line L 1 . Moreover, the reduction of fault current I L2 is better if the rSFCL located at LF (2.05 p.u. at LF and 4.14 p.u. at TF for a SFCL impedance equal to 0.4 p.u.). In conclusion, the LF with a rSFCL appears to be a good solution to limit the fault currents in electrical power grid. Such observation shows that it is important to develop tools to quantify the impact of SFCL at a specific location with a specific impedance.
Concerning results obtain for the transient stability study, the rSFCL appears to be the most suitable to increase the CCA and the CCT of the EPG studied. The presence of the term |E | 2 {Y 11 } in the electrical power transmitted between node 1 and node 2 can explain the obtained results. In fact, the presence of the rSFCL at TF or LF induces additional DC component in the power P e during the fault. Consequently, the curve P e = (δ) for the rSFCL is above the curve with the iSFCL for a specific SFCL impedance. This position increases the area DEF (Figs 8 or 10) that give a CCA (and a CCT) more important that for an iSFCL. In case of short-circuit, the rSFCL can dissipate a part of the excessive accelerating generator power, increasing the stability-limit of the system and then enlarging the stability-region after the fault. The placement of the rSFCL at TF appears to be the optimal way to enhance power transient stability. In fact, the gain obtained in this case is 25 % better for the CCA and 45 % for the CCT (for a SFCL impedance equal to 0.04 p.u.).
A particular attention has been paid on the influence of fault positions and transmission lines parameters in the comparison between rSFCL and iSFCL. For the power system studied, the X L /R L ratio or the fault position do not modify significantly results previously obtained, even in terms of current limitation and power transient stability. The optimal combination between SFCL type and its placement in the power system is not an easy task. Results presented previously give an orientation on the influence of the SFCL type associated to its position in terms of fault current limitation and power transient stability study. Moreover, it is important to note that the presented analysis is focused on non-salient poles generators, and thus results may present small divergences in the case of salient poles generators.
Additional analysis must be made to optimize these choices in a much larger power system. However, the proposed method allows to select a good orientation about these different points.
